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Magnetic skyrmion is a topologically protected domain-wall structure at nanoscale, which could serve as a basic build-
ing block for advanced spintronic devices. Here, we propose a microwave field-driven skyrmionic device with the
transistor-like function, where the motion of a skyrmion in a voltage-gated ferromagnetic nanotrack is studied by mi-
cromagnetic simulations. It is demonstrated that the microwave field can drive the motion of a skyrmion by exciting
propagating spin waves, and the skyrmion motion can be governed by a gate voltage. We also investigate the microwave
current-assisted creation of a skyrmion to facilitate the operation of the transistor-like skyrmionic device on the source
terminal. It is found that the microwave current with an appropriate frequency can reduce the threshold current density
required for the creation of a skyrmion from the ferromagnetic background. The proposed transistor-like skyrmionic
device operated with the microwave field and current could be useful for building future skyrmion-based circuits.
PACS numbers: 75.60.Ch, 75.78.Cd, 85.70.-w, 12.39.Dc
I. INTRODUCTION
The magnetic skyrmion is an exotic magnetic texture which
has a nanoscale vortex-like magnetization structure that is pro-
tected by topological invariance1–4. In the recent years, the
magnetic skyrmion has been experimentally observed in mag-
netic materials5–17, semiconductors18, multiferroic19 and fer-
roelectric20 materials, which indicates that there are diverse
potential applications of magnetic skyrmions in the field of
spintronics. Indeed, the magnetic skyrmion as information
carrier attracts increasing interest for developing the next-
generation data storage devices due to its remarkable stabil-
ity, extremely small size, and low-current depinning prop-
erty21–30. Concurrently, many other applications of the mag-
netic skyrmions have been proposed and demonstrated, such
as skyrmion-based logic devices31, oscillators32,33, and elec-
tronic devices34–36.
For the practical applications of the magnetic skyrmion,
it is required to generate and control the isolated magnetic
skyrmion in a feasible way. The magnetic skyrmion can be
generated with some kinds of energy injection, such as by ap-
plying a spin-polarized current15,16,22, a local heating37, and
a laser38. The magnetic skyrmion can also be nucleated with
the nano-patterning39 and be converted from a domain-wall
pair25. For the manipulation of the magnetic skyrmion, one
can use the spin current21,23, the spin wave40–43, as well as the
thermal gradient44–46 to drive the magnetic skyrmion.
Recently, the skyrmion-based transistor-like device has
been proposed and studied in Refs. 34 and 35, in which the
magnetic skyrmion is driven by spin current in a voltage-
gated nanotrack. The magnetic vortex also has been used
a)E-mail: weisheng.zhao@buaa.edu.cn
b)E-mail: zhouyan@cuhk.edu.cn
to mimic the transistor-like device.47 In this paper, we
study the magnetic skyrmion transistor-like device operated
with microwaves, that is, the microwave-field-driven mo-
tion and microwave-current-assisted nucleation of the mag-
netic skyrmion in a voltage-gated nanotrack, where the per-
pendicular magnetic anisotropy (PMA) of the gate region is
controlled by the applied voltage. The microwave field ex-
cites the propagating spin waves that drive the motion of the
magnetic skyrmion from the source region to the drain re-
gion. The magnetic skyrmion at the source region is gener-
ated by applying a spin-polarized current with an additional
microwave current. Our study shows that the motion of the
magnetic skyrmion, which is governed by the gate voltage,
can also be controlled by the frequency and amplitude of the
microwave field exciting the propagating spin waves. Mean-
while, it shows that the microwave current with a certain
frequency can significantly reduce the critical current den-
sity required for the nucleation of the magnetic skyrmion.
The results indicate that the proposed microwave-field-driven
and microwave-current-assisted methods are the effective ap-
proaches for building the skyrmion-based transistor-like de-
vice. The magnetic skyrmion-based transistor-like device op-
erated and controlled by the microwave field and current will
be beneficial for the future skyrmion-based spintronic circuits.
II. MODEL AND SIMULATION DETAILS
The three-dimensional (3D) micromagnetic simulation is
performed by using the 1.2a5 release of the Object Ori-
ented MicroMagnetic Framework (OOMMF) software devel-
oped at the National Institute of Standards and Technology
(NIST)56. The simulation is handled by the OOMMF extensi-
ble solver (OXS) objects of the standard OOMMF distribution
with the OXS extension module for including the interface-
induced Dzyaloshinskii-Moriya interaction (DMI), that is, the
ar
X
iv
:1
60
1.
05
55
9v
3 
 [c
on
d-
ma
t.m
es
-h
all
]  
3 O
ct 
20
17
2FIG. 1. The microwave-driven magnetic skyrmion-based transistor-
like device at different working states (initial state, ON state, and
OFF state). The cones represent the magnetization, of which the out-
of-plane component mz is denoted by the orange-white-green color
scale and the in-plane component mx is denoted by the blue-gray-
yellow color scale.
Oxs_DMExchange6Ngbr class57–59.
The interfacial DMI in the ultra-thin magnetic film with
perpendicular magnetic anisotropy (PMA) placed on the
heavy-metal substrate with high spin-orbit coupling is ex-
pressed as57
EDM =
∑
〈i,j〉
dDM(uij × zˆ) · (Si × Sj), (1)
with dDM the DMI coupling energy, uij the unit vector be-
tween spins Si and Sj , and zˆ the normal to the interface,
oriented from the heavy-metal substrate to the magnetic layer.
In the continuous micromagnetic model, the DMI reads
EDM = b
∫
D[(mx
∂mz
∂x
−mz ∂mx
∂x
)
+(my
∂mz
∂y
−mz ∂my
∂y
)]d2r, (2)
with D the continuous DMI constant, b the magnetic sample
thickness. mx, my and mz are the components of the reduced
magnetization m, where m = M/MS. The link between D
and dDM is dDM/ab for a (001) interface and dDM
√
3/ab for a
(111) interface with a the atomic distance, of which the latter
case is employed in this paper.
The 3D time-dependent magnetization dynamics in the
simulation is controlled by the Landau-Lifshitz-Gilbert (LLG)
equation including the spin-transfer torque (STT) term56,60.
Specifically, when no spin-polarized current is injected into
the simulated system, that is, the STT term is deactivated, the
LLG equation reads
dM
dt
= −γ0M ×Heff + α
MS
(M × dM
dt
), (3)
where M is the magnetization, Heff is the effective field, t is
the time, α is the Gilbert damping coefficient, and γ0 is the
gyromagnetic ratio. The effective field Heff is expressed as
follows
Heff = −µ−10
δε
δM
. (4)
The average energy density ε is a function of M specified by
ε = A[∇(M
MS
)]2 −K (n ·M)
2
M2S
− µ0M ·H
− µ0
2
M ·Hd(M) + εDM, (5)
where A and K are the exchange and anisotropy energy con-
stants, respectively. H and Hd(M) are the applied and
magneto-static self-interaction fields while MS = |M(r)| is
the saturation magnetization. εDM is the energy density of the
DMI, which has the form
εDM =
D
M2S
(Mz
∂Mx
∂x
+Mz
∂My
∂y
−Mx ∂Mz
∂x
−My ∂Mz
∂y
),
(6)
where the Mx, My and Mz are the components of the mag-
netization M . The five terms at the right side of Eq. (5) cor-
respond to the exchange energy, the anisotropy energy, the
applied field (Zeeman) energy, the magneto-static (demagne-
tization) energy and the DMI energy, respectively. For the
simulated system, the spin-polarized current with the injec-
tion of current-perpendicular-to-the-plane (CPP) geometry is
considered. The in-plane spin transfer torque is written as22
τin-plane = −u
b
m× (m× p), (7)
where u = γ0~jP2µ0eMS , j is the current density, P is the spin
polarization, p = −zˆ is the unit electron polarization direc-
tion, b is the thickness of the ferromagnetic layer. Thus, the
LLG equation (Eq. 3) of magnetization motion augmented
with STT terms reads
dm
dt
= −γ0m×heff+α(m×dm
dt
)− γ0~jP
2µ0ebMS
[m×(m×p)],
(8)
where heff is the reduced effective field, that is, heff =
Heff/MS. The models built in the micromagnetic simulation
are divided into regular cells with the constant size of 2 nm ×
2 nm × 1 nm, which allows for a trade-off between numeri-
cal accuracy and computational efficiency. The Oersted field
is neglected in the simulation for simplicity due to its minor
contribution to the effective field.
For micromagnetic simulations, the parameters of the mag-
netic layer are adopted from Refs. 21, 22, and 24: Gilbert
damping coefficient α = 0.02; gyromagnetic ratio γ =
−2.211 × 105 m A−1 s−1; saturation magnetization MS =
580 kA m−1; intralayer exchange stiffness A = 15 pJ m−1;
DMI constant D = 0 ∼ 4 mJ m−2; PMA Ku = 0.8 MJ m−3;
and spin polarization rate P = 0.4 unless otherwise specified.
The stable magnetic skyrmion stabilized by the interface-
induced DMI is the hedgehog-like skyrmion, which has a ra-
dial in-plane magnetization profile. It is characterized by the
Pontryagin number Q25,31, namely the topological charge in
the planar system, which is defined by
Q =
∫
dxdyρsky(x), (9)
3FIG. 2. The trajectories of the magnetic skyrmion at the ON and OFF
states driven by the microwave with different amplitudes. (a) The
magnetic skyrmion-based transistor-like device is in the ON state,
where the microwave antenna is turned on and the voltage gate is
turned off. B0 = 500 mT or 650 mT, f = 75 GHz, similar here-
inafter. The PMA in the voltage-gated region (Kuv) equals that of the
outside region (Ku). (b) The magnetic skyrmion-based transistor-
like device is in the OFF state, where the microwave antenna and
the voltage gate are turned on. The PMA in the voltage-gated region
is larger than that of the outside region (Kuv = 1.025Ku). (c) The
magnetic skyrmion-based transistor-like device is in the OFF state,
where the microwave antenna and the voltage gate are turned on. The
PMA in the voltage-gated region is smaller than that of the outside
region (Kuv = 0.975Ku). The dots denote the center of the magnetic
skyrmion. The simulation time is 30 ns, which is indicated by the
color scale. The red and blue regions stand for the regions where the
microwave antenna and the voltage gate are deployed, respectively.
where the ρsky reads
ρsky(x) = − 1
4pi
m(x) · (∂xm(x)× ∂ym(x)). (10)
The number Q is referred to as the skyrmion number. When
the background magnetization and the skyrmion core are
pointing in the +z-direction and the −z-direction, respec-
tively, the skyrmion number Q equals +1. Otherwise, when
the background magnetization and the skyrmion core are
pointing in the −z-direction and the +z-direction, respec-
tively, the skyrmion number Q equals −1. In this paper, as
we are assuming that the background magnetization is aligned
along the +z-direction at the initial state, thus the skyrmion
number of the relaxed (stable/metastable) skyrmion equals
one, Q = +1.
III. RESULTS AND DISCUSSION
A. Magnetic skyrmion-based transistor-like device
driven by a microwave field
First, we study the magnetic skyrmion-based transistor-like
device operated by a microwave field under the framework
FIG. 3. The trajectories of the magnetic skyrmion at the ON and OFF
states driven by the microwave with different frequencies. (a) The
magnetic skyrmion-based transistor-like device is in the ON state,
where the microwave antenna is turned on and the voltage gate is
turned off. B0 = 500 mT, f = 75 or 78 GHz, similar hereinafter.
The PMA in the voltage-gated region (Kuv) equals that of the outside
region (Ku). (b) The magnetic skyrmion-based transistor-like device
is in the OFF state, where the microwave antenna and the voltage
gate are turned on. The PMA in the voltage-gated region is larger
than that of the outside region (when f = 75 GHz, Kuv = 1.025Ku,
while when f = 78 GHz, Kuv = 1.050Ku). (c) The magnetic
skyrmion-based transistor-like device is in the OFF state, where the
microwave antenna and the voltage gate are turned on. The PMA
in the voltage-gated region is smaller than that of the outside re-
gion (Kuv = 0.975Ku). The dots denote the center of the magnetic
skyrmion. The simulation time is 30 ns, which is indicated by the
color scale. The red and blue regions stand for the regions where the
microwave antenna and the voltage gate are deployed, respectively.
of micromagnetics (see Sec. II for the modeling details). As
shown in Fig. 1, this device is basically constructed by a nan-
otrack with the size of 600 nm ×60 nm ×1 nm, which has
a PMA value of Ku = 0.8 MJ m−3 and a Dzyaloshinskii-
Moriya interaction (DMI) constant of D = 3.5 mJ m−2.
The magnetic nanotrack is sandwiched between the voltage
gate electrode and the heavy-metal substrate, where a voltage-
gated region is between x = 200 nm and x = 400 nm. The
PMA value within the voltage-gated region Kuv can be ad-
justed by applying an electric field Egate based on the rela-
tionship of Kuv = Ku + ∆KuvEgate48–50, where the transition
regions between Ku and Kuv span 10 nm. The regions in the
nanotrack at the left and right sides of the voltage-gated re-
gion are referred to as the source and drain sides, respectively.
A sinusoidal microwave magnetic fieldB0 sin(2pift) along y-
direction has been locally applied to generate spin waves at
the end of the nanotrack (0 nm < x < 15 nm). B0 is the
microwave amplitude and f is the microwave frequency. A
similar scheme has been used in Refs. 51 and 52. The mag-
netic nanotrack is almost magnetized along +z-direction in
our setup. A magnetic skyrmion is created and relaxed at the
source side of the nanotrack (x = 100 nm) by a skyrmion in-
jector which can be fabricated by placing a magnetic tunnel
4FIG. 4. The working windows of the microwave-driven skyrmion-
based transistor-like device. (a) The working window at different
gate voltages and microwave antenna excitation frequencies with a
fixed microwave antenna excitation amplitude of 500 mT. (b) The
working window at different gate voltages and microwave antenna
excitation amplitudes with a fixed microwave antenna excitation fre-
quency of 75 GHz. The square denotes the ON state, that is, the
magnetic skyrmion passes the voltage-gated region moving from the
source side to the drain side. The circle denotes the OFF state, that
is, the magnetic skyrmion cannot pass the voltage-gated region and
stops at the rest of the drain side.
junction (MTJ) upon the source side of the nanotrack28.
Figure 1 illustrates the initial, ON and OFF states of the
magnetic skrymion-based transistor-like device. At the ini-
tial state, both the microwave antenna and the voltage gate are
turned off, the magnetic skyrmion remains in its position on
the source side at x = 100 nm. At the ON state, the antenna is
turned on (B0 = 500 mT, f = 75 GHz) but the voltage gate is
turned off. The microwave field pulse applied at the left end of
the nanotrack excites spin waves propagating toward the drain
side of the nanotrack, driving the magnetic skyrmion into mo-
tion. The moving skyrmion passes the voltage-gated region
and reaches the drain side of the nanotrack at t = 9 ns, which
can be detected by the skyrmion reader at the drain side28. At
the OFF state, both the microwave antenna and the voltage
gate are turned on. The spin waves excited by the microwave
field drive the magnetic skyrmion moving toward the right
end of the nanotrack. The gate voltage results in the change
of the PMA value Kuv in the voltage-gated region, leading
to the stop of skyrmion when it approaches the gate-induced
potential barrier. As shown in Fig. 1, when the PMA value
in the voltage-gated region is larger than that of the intrinsic
value, i.e. Kuv = 1.025Ku, the skyrmion stops at the poten-
tial barrier at the boundary between the source side and the
voltage-gated region. When the PMA value in the voltage-
gated region is smaller than that of the intrinsic value, i.e.
Kuv = 0.975Ku, the skyrmion stops at the potential barrier at
the boundary between the voltage-gated region and the drain
side. For both OFF states, the skyrmion reaches the equilib-
rium state within t = 30 ns under the driving force from the
microwave-induced spin waves and the repulsive force from
the potential barrier.
Figure 2 shows the trajectories of the skyrmion motion in
the magnetic skrymion-based transistor-like device driven by
the microwave-induced spin waves at the ON and OFF states
with different amplitudes (B0 = 500 mT or 650 mT, f = 75
GHz). As shown in Fig. 2a, the magnetic skyrmion-based
FIG. 5. The effect of Dzyaloshinskii-Moriya interaction (DMI)
on the working window of the microwave-driven skyrmion-based
transistor-like device. (a) The working window at different DMI
and microwave antenna excitation frequencies with fixed Kuv =
1.020Ku and B0 = 500 mT. (b) The working window at differ-
ent DMI and microwave antenna excitation amplitudes with fixed
Kuv = 1.020Ku and f = 75 GHz. (c) The working window at dif-
ferent DMI and microwave antenna excitation frequencies with fixed
Kuv = 0.995Ku and B0 = 500 mT. (d) The working window at dif-
ferent DMI and microwave antenna excitation amplitudes with fixed
Kuv = 0.995Ku and f = 75 GHz. The square denotes the ON
state, that is, the magnetic skyrmion passes the voltage-gated region
moving from the source side to the drain side. The circle denotes the
OFF state, that is, the magnetic skyrmion cannot pass the voltage-
gated region and stops at the rest of the drain side.
transistor-like device is in the ON state, where Kuv = Ku.
The skyrmion moves from the source side to the drain side
within 10 ns. It is worth mentioning that the transverse motion
of the skyrmion in the y-direction is caused by the skyrmion
Hall effect26. Due to the decay of the microwave-induced
spin waves and the repulsion from the edge at the right end
of the nanotrack, the magnetic skyrmion is finally relaxed at
the drain side at t = 30 ns. For Kuv = 1.025Ku, the magnetic
skyrmion-based transistor-like device is in the OFF state, as
shown in Fig. 2b. However, the magnetic skyrmion cannot
surmount the gate-induced potential barrier. It can be seen
that the center of the magnetic skyrmion can enter the voltage-
gated region for a short time driven by the strong excited spin
wave emitted from the microwave antenna. Nevertheless, the
magnetic skyrmion is repelled by the potential barrier. The
combined effects of the driving force supplied from the mi-
crowave antenna, the repulsive force provided by the voltage
gate and the Magnus force exerted on the magnetic skyrmion
lead to the motion of the magnetic skyrmion in a spiral trajec-
tory. The skyrmion eventually reaches equilibrium and stops
near the source side boundary of voltage-gated region. Fig-
ure 2c shows the other OFF state, where Kuv = 0.975Ku.
The magnetic skyrmion driven by the microwave-induced spin
5FIG. 6. The microwave-current-assisted nucleation of the magnetic
skyrmion. (a) Selected time evolution of the magnetization distri-
bution, time-dependent mx,my,mz , and skyrmion number Q for
the case of the skyrmion nucleation assisted by a microwave current
(j0 = 1× 1012 A m−2) with a selected frequency of fAC = 53 GHz.
The diameter of the nanodisk equals 80 nm. The diameter of the cur-
rent injection region equals 24 nm, which is denoted by the dashed
circle in (a). A magnetic skyrmion can be nucleated successfully
even jDC (1.8×1012 A m−2) is lower than the threshold current den-
sity, jth = 2× 1012 A m−2. (b) Selected time evolution of the mag-
netization distribution, time-dependent mx,my,mz , and skyrmion
number Q for the case of the skyrmion nucleation by applying only
a DC spin current of jDC = 1.8× 1012 A m−2. In the absence of the
microwave current, the DC spin current itself of jDC = 1.8 × 1012
A m−2 is unable to create the magnetic skyrmion. The initial mag-
netization state of the nanodisk is along the +z-direction, and the
polarization of the spin current is aligned along the −z-direction.
waves moves toward the drain side. In contrast to the OFF
state shown in Fig. 2b, the magnetic skyrmion passes the
source side boundary of voltage-gated region, where a poten-
tial well is induced. However, the magnetic skyrmion cannot
penetrate the potential well. Similar to the OFF state shown
in Fig. 2b, the magnetic skyrmion moves in a spiral path, and
finally stops near the boundary between the voltage-gated re-
gion and the drain side. In three cases, the frequency of the
microwave is fixed at f = 75 GHz, while two amplitudes of
B0 = 500 mT and B0 = 650 mT are applied, respectively.
It can be seen that the transverse shift of the skyrmion in the
y-direction increases with the amplitude of the microwave. In-
deed, the speed of the skyrmion increases with the amplitude
of the microwave.
Figure 3 shows the trajectories of the skyrmion in the mag-
netic skyrmion-based transistor-like device at the ON and
OFF states driven by the microwave-induced spin waves with
different frequencies (B0 = 500 mT, f = 75 GHz or 78
GHz). In three cases, the amplitude of the microwave is fixed
FIG. 7. The effect of the frequency of the microwave current on the
threshold current density required to create the magnetic skyrmion.
The solid and open circles represent j2th + j
2
0 /2 and the threshold
current density jth respectively. The amplitude j0 is fixed to be
1.3 × 1012 A m−2. The step of the frequency of microwave cur-
rent is 1 GHz. The lines are guides to the eye. The assistance effect
of the microwave current varies with its frequency fAC, and the most
effective frequency is indicated by green shadow. The dash line in-
dicates the average value of the jth.
at B0 = 500 mT, while two frequencies of f = 75 GHz and
f = 78 GHz are applied, respectively. It should be noted that
in Fig. 3c, we setKuv = 1.025Ku for the case of f = 75 GHz,
whileKuv = 1.050Ku for the case of f = 78 GHz, in order to
ensure the OFF state. It can be seen that the behaviors of the
magnetic skyrmions are similar to these shown in Fig. 2. The
transverse shift and the speed of the skyrmion increases with
the frequency of the microwave.
Figure 4 shows the working windows of the magnetic
skyrmion-based transistor-like device driven and controlled
by the microwave antenna and the voltage gate. As shown
in Fig. 4a, the excitation field amplitude of the microwave
antenna is fixed at B0 = 500 mT, while the excitation field
frequency of the microwave antenna is varied in the range
between f = 72 GHz and f = 78 GHz. Obviously, when
the voltage gate is turned off, i.e. Kuv = Ku, the magnetic
skyrmion moves from the source side to the drain side in a
certain time and this transistor-like device is always in the ON
state. When the voltage gate is turned on, which adjusts the
Kuv to be in the range of 0.995Ku and 1.015Ku, the mag-
netic skyrmion-based transistor-like device is still in the ON
state, as the gate-induced potential barrier is not strong enough
to stop the magnetic skyrmion from passing through. When
the Kuv is further increased to be larger than 1.02Ku or de-
creased to be smaller than 0.99Ku, the working state switches
to the OFF state at f = 72 GHz. However, it can be seen that
when f increases to 78 GHz, the magnetic skyrmion under the
stronger driving force provided by the microwave antenna can
overcome the potential barrier induced by the voltage gate in
the range of Kuv = 0.99Ku and Kuv = 1.03Ku. Because the
source side boundary of the voltage-gated region is closer to
the antenna than the drain side boundary of the voltage-gated
region, the skyrmion experiences stronger driving force when
6FIG. 8. The threshold current density jth as a function of the mi-
crowave current frequency fAC with a fixed amplitude of j0 =
1.0× 1012 A m−2 and normalized power spectral densities. (a) The
threshold current density jth as a function of the microwave current
frequency fAC. The dash line indicates the average value of the jth.
(b) Power spectral densities of SK for the in-plane excitation. (c)
Power spectral densities of SK for the out-of-plane excitation.
it is approaching the former boundary. Thus, the potential bar-
rier at the boundary between the source side with lower PMA
and the voltage-gated region with higher PMA is easier to be
penetrated by the magnetic skyrmion at the same B0 and f .
Similar results are shown in Fig. 4b, where the excitation field
frequency of the microwave antenna is fixed at f = 75 GHz,
while the excitation field amplitude of the microwave antenna
is varied in the range between B0 = 350 mT and B0 = 650
mT.
Figure 5 shows the working windows of the magnetic
skyrmion-based transistor-like device at different DMI con-
stants and microwave antenna parameters with a fixed voltage
gate-induced PMA valueKuv. Figs. 5a and 5b show the work-
ing state at Kuv = 1.020Ku as functions of the DMI constant
D and antenna frequency f , and as functions of DMI constant
D and antenna amplitude B0, respectively. Figure 5c and 5d
show the working state at Kuv = 0.995Ku as functions of the
DMI constant D and antenna frequency f , and as functions
of DMI constant D and antenna amplitude B0, respectively.
It can be seen that the magnetic skyrmion in a nanotrack with
a smaller DMI constant D is easier to overcome the potential
barrier at given Kuv, B0 and f .
The voltage gate-induced PMA gives rise to a change in the
potential barrier for skyrmions, which results in the transistor-
like action. At the same time, it is expected to result in the
reflection of spin waves, which may modify the net force
on skyrmions, thus also affecting the observed transistor-like
action. The increasing the frequency increases the force on
skyrmions, making it easier for skyrmions to cross the barrier.
The spin wave with large frequency has large energy, result-
ing in the large velocity of the magnetic skyrmion. Then, for
the same barrier and skyrmion, the spin wave with high fre-
quency drives the magnetic skyrmion to pass the barrier eas-
ily. The increasing DMI also makes the magnetic skyrmion
easier to overcome the barrier. This is because that the large
DMI results in a large-size magnetic skyrmion and the number
of magnetization interacting with the spin wave is increasing.
Then, the driving force is enhanced.
B. Nucleation of the magnetic skyrmion assisted by a
microwave current
With respect to the generation of the magnetic skyrmion
at the source terminal of the magnetic skyrmion-based
transistor-like device, we also implement the microwave-
current-assisted nucleation of the magnetic skyrmion. For
the sake of low computational complexity, here we consider
the model of a nanodisk instead of the nanotrack studied in
last section. As shown in Fig. 6a, a magnetic nanodisk ini-
tially magnetized along +z-direction is built in the simula-
tion, which has a diameter of 80 nm and a thickness of 1 nm.
The current injection is injected through a nano-contact with
a diameter 24 nm in the central region of the nanodisk.
In order to create the magnetic skyrmion in the nanodisk,
we utilize a microwave-assisted vertical spin-polarized cur-
rent, which can be expressed as jtotal = j0 sin 2pifACt + jDC.
Here, j0 is the amplitude of the microwave current, fAC is the
frequency of the microwave current, and jDC is the DC cur-
rent density. We focus on the threshold current density jth
which is defined as the minimal jDC required to nucleate the
magnetic skyrmion within a 2 ns injection of spin current and
microwave current. The applied current duration is fixed to 2
ns in this work.
Figure 6a shows the nucleation process of the magnetic
skyrmion in the presence of the microwave current. The DC
current density jDC is set as jDC = 1.8 × 1012 A m−2, and
the frequency of the microwave current is set as fAC = 53
GHz. The nucleation current is injected at t = 0 ns. The
skyrmion number Q starts to fluctuate while the magnetiza-
tion stays quasi-uniform with a spin wave transferring from
the center to the edge, indicating the injection of energy. At
t = 0.39 ns, the magnetization of the central region reverses in
a very short time (∼ 0.01 ns), and generates a stable magnetic
skyrmion, resulting in a rapid jump of the skyrmion number
from Q ∼ −0.1 to Q ∼ 1. Then, the skyrmion number sta-
bilizes at Q ∼ 1 and a skyrmion is created successfully. It
should be noted that we also find the breathing of the mag-
netic skyrmion after its nucleation, which can be seen from
the snapshots and the fluctuation of mz during the period of
t = 0.39 ∼ 0.60 ns. At t = 0.60 ns, the magnetic skyrmion
stops breathing and becomes a stable magnetic skyrmion. Fig-
ure 6b shows the case in the absence of the assistance of the
microwave current. With the identical DC current density, no
magnetic skyrmion is formed in the nanodisk in the absence
of the microwave current. The skyrmion number Q fluctuates
slightly during the time within which the DC current is ap-
7FIG. 9. (a) Spatial distribution of PSD for peak A (f = 0.65 GHz).
(b) The trajectory of the guiding center of the magnetic skyrmion
during the oscillation when in-plane excitation B0 sin(2pif) with
B0 = 5 mT and f = 0.65 GHz is applied. For the method to
calculate the guiding center of the magnetic skyrmion, we refer to
Ref. 55.
FIG. 10. Spatial distributions of PSD for (a) peak E (f = 52.1 GHz)
and (b) peak G (f = 65 GHz).
plied. The skyrmion number is equal to Q ∼ 0 at t = 2.5 ns.
It indicates that the DC current density of 1.8 × 1012 A m−2
is smaller than the threshold current.
Figure 7 shows the threshold current density jth as func-
tions of frequency fAC of the microwave current with a fixed
microwave amplitude j0 = 1.3 × 1012 A m−2. Since the
power is in directly proportional to j2total, we can obtain that
the power is in direct proportional to j2th + j
2
0 /2. Both the
threshold current density and the corresponding j2th + j
2
0 /2
have been shown in Fig. 7. As can be seen, the average jth
equals 1.8× 1012 A m−2 approximately when the microwave
current is injected. There is an obvious frequency range, 50
GHz ∼ 56 GHz, where the required current density is much
less than the average one. As a result, the energy consump-
tion in whole process is also reduced as the injection time is
fixed to be 2 ns. It means that the energy consumption can
be reduced with modulating the frequency of the additional
microwave current.
Figure 8 shows normalized power spectral densities (PSDs)
and the threshold current density jth as a function of the
microwave current frequency fAC with a fixed amplitude of
j0 = 1.0 × 1012 A m−2. And the step size of the mi-
crowave current frequency is adopted as 0.2 GHz. In order
to obtain the PSDs of skyrmion, the equilibrium magnetiza-
tion configuration m(0) has been calculated firstly. Then a
sinc-function field B0 sin(2pifBt)/(2pifBt) with B0 = 0.5
mT and fB = 200 GHz is applied along x-axis (in-plane). We
record the time-dependent magnetization configuration m(t)
every ∆t = 2 ps and analyze ∆mx(t) with spatially resolved
(SR) methods53,54, as shown in Fig. 8b. The SR method re-
quires computation of discrete Fourier transforms at all spa-
tial sampling points. The SR PSD is obtained by averaging
the local PSDs. The PSDs in Fig. 8c are obtained by an-
alyzing ∆mz(t) when a sinc-function field is applied along
z-axis (out-of-plane). 9 peaks (A-I) are identified from the
PSDs for skyrmion. For the peaks A, D, and E, the visible
decreases of threshold current density are found. To iden-
tify the modes contributing to the decreases of critical current,
we excite the oscillation of skyrmion with a magnetic field
B0 sin(2pif) with B0 = 5 mT. For peak A (f = 0.65 GHz),
the spatial distribution of PSD are shown in Fig. 9a. And a
gyration of the guiding center of the magnetic skyrmion is
observed, as shown in Fig. 9b. The mode for peak A is gy-
rotropic mode, resulting the decrease of the critical current
density. For peak B (f = 10.6 GHz), the mode is breath-
ing mode. The other modes are standing spin wave modes.
For these standing spin wave modes, resonance E leads to
the visible reduce of the critical current density. We com-
pare the spatial distributions of PSD for peaks E and peak G,
as shown in Fig. 10. It shows that the oscillation for peak E
is focused in the skyrmion center region while the oscillation
for peak G is not focused in the skyrmion center region and
the magnetization in the edge also oscillates obviously. Then,
there is a visible decrease of the critical current density for
peak E while no reduction for the case of peak G. For the mi-
crowave with low frequency, when the frequency approaches
the eigenfrequency of the gyrotropic mode, the critical cur-
rent density decreases. A recent work55 shows that the stable
skyrmion lattice can be created with the resonance excitation
when the field frequency is equal to the eigenfrequency of the
gyrotropic mode. For the microwave with high frequency, the
critical current decreases when the frequency approaches the
resonance frequency which causes the oscillation focused in
the skyrmion center region.
IV. CONCLUSIONS
We have proposed a transistor-like function of magnetic
skyrmion operated and controlled by microwaves. It should
be mentioned that the magnetic skyrmion-based transistor-like
device in this work has no amplification function so far. It is
demonstrated that the microwave field can lead to the motion
of the magnetic skyrmion by exciting propagating spin waves,
where the motion of the magnetic skyrmion is governed by
a gate voltage. The creation of the magnetic skyrmion at
the source region is also assisted by a microwave current. It
shows that the microwave current can reduce the threshold
current density required for the nucleation of the magnetic
skyrmion with a fixed time, and the reduction is significant
when its frequency is close to the frequency of gyration mode.
The critical nucleation current decreases from 2.0 × 1012 A
8m−2 to 1.58 × 1012 A m−2 if there is a microwave current
with a few GHz assists the nucleation. And 25% energy is
saved. Although the energy efficiency of the generation of
the DC and AC current is not taken into considerations for
the micromagnetic simulation, the remarkable energy saved in
the nucleation process indicates that the microwave-assisted
method is promising. Our results on the magnetic skyrmion-
based transistor-like device operated and controlled by the mi-
crowave field and microwave current might be useful in the
design of future skyrmion-based spintronic circuits.
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